The rise of obesity and its attendant pathological sequelae, including type 2 diabetes and coronary artery disease, constitute an ongoing public health catastrophe in both the developed and, more recently, the developing world. Although the underlying pathophysiology is complex, chronic lowgrade inflammation has emerged as a central driver of both primary metabolic dysfunction and subsequent tissue failure. Importantly, this inflammation has been shown to arise as a consequence of both the disruption of homeostatic tissue resident leukocytes and the recruitment of antagonistic effector cells from the circulation. In this review, we
Introduction
The obesity epidemic, which started in the industrialized world, has progressed to become a worldwide pandemic in which the number of obese individuals worldwide now exceeds those who are malnourished. 1 Unlike other pandemics, however, obesity does not cause disease directly but instead functions as a potent independent risk factor for a number of chronic pathologies, including type 2 diabetes, coronary artery disease, neurodegenerative disorders, and cancer, 2 wreaking immense harm in both health and economic terms. Despite such infamy, our understanding of obesity remains inadequate.
The most overt effect of obesity is an increase in fat mass, which results from chronic imbalance between energy intake and energy expenditure. 3 In rodents and humans, these excess calories are primarily stored in visceral (also referred to as gonadal in rodents) and subcutaneous white adipose tissues (WATs), the preferred sites for long-term nutrient storage in mammals. 4 This observation initially led many to view WAT simply as a depot for excess nutrient storage; however, research over the past 2 decades has revealed that WAT is not an inert organ but rather a dynamic endocrine tissue that secretes adipokines (such as leptin, adiponectin, and resistin) to coordinate changes in nutrient intake, utilization, and storage. 4 Importantly, this active coordination of organism-wide metabolism is mediated not only by canonical neuroendocrine control but also by leukocytes that traffic to and reside in metabolic tissues. 5 In this review, we review the salient contributions of individual leukocyte lineages to the function and control of adipose tissue and mammalian energy metabolism as a whole.
Obesity, tissue inflammation, and insulin resistance
Our understanding of how leukocytes sense the metabolic state and coordinate environmental adaptation is primarily derived from studies performed in obese animals. [5] [6] [7] Historically, this stems from the observation that obese visceral WAT expresses inflammatory mediators, such as tumor necrosis factor a (TNF-a), which inhibit insulin action. The inhibitory effects of inflammatory cytokines are primarily mediated via activation of inhibitory nuclear factor kB kinase b 8,9 and c-Jun N-terminal kinases, 10 which promote serine phosphorylation of insulin receptor substrate proteins to promote insulin resistance (ie, decrease insulin action). 11 Moreover, the chronic activation of these stress and inflammatory signaling pathways, as occurs in obesity, decreases insulin action locally in visceral WAT and amplifies the inflammatory response to promote systemic insulin resistance. 5 Although initial reports suggested that adipocytes produce TNFa in obese WAT, subsequent studies demonstrated that infiltrating macrophages are primarily responsible for the inflammatory response in visceral WAT of obese animals. 12, 13 These observations paved the way for many future studies that examined the mechanisms controlling macrophage recruitment and activation in visceral WAT and the functions performed by these cells in promotion or inhibition of insulin resistance. Furthermore, it is now appreciated that obesityinduced metabolic dysfunction not only alters the repertoire of innate immune cells but also leads to dramatic changes in the composition of the adaptive immune cells taking residence in visceral WAT 5 (Figure 1 ; Sidebox 1). In the subsequent sections, we discuss our current understanding of the mechanisms by which hematopoietic cells orchestrate metabolic adaptations to changes in diet and environment.
Innate immune cells M2 macrophages
Adipose tissues of lean animals contain a resident population of macrophages that express characteristic markers of alternative activation, including arginase 1, CD301, and CD206. 14, 15 These cells, which are dispersed throughout the WAT of lean animals, promote insulin sensitivity in adipocytes by secreting IL-10 and other as yet unidentified factors 14, 15 (Figure 1 ; Sidebox 1). Importantly, impairment in alternative macrophage activation, as in myeloidspecific deletion of peroxisome proliferator activated receptor-g (PPAR-g), PPAR-d, or Klf4, for example, enhances rodents' susceptibility to diet-induced obesity and insulin resistance. [15] [16] [17] [18] Conversely, potentiation of alternative macrophage activation, via pharmacologic inhibition or myeloid cell-specific deletion of the mineralocorticoid receptor, for example, 19 confers protection from the obesity-related metabolic dysfunction. 20 Together, these data implicate M2 macrophages in the maintenance of WAT metabolism and function.
Alternative activation of resident macrophages is mediated by the type 2 cytokines IL-4 and IL-13, which can be secreted by innate or adaptive immune cells. Recent studies, however, demonstrate that eosinophils are the predominant IL-4-producing cells in visceral WAT of lean mice and that their numbers decline with weight gain. 21 Congruently, the absence of eosinophils, as in DdblGATA mice, abrogates alternative macrophage activation in visceral WAT and renders these animals susceptible to diet-induced obesity and insulin resistance ( Figure 1 ; Sidebox 1). The opposite is observed in IL-5 transgenic mice or parasite-induced models of eosinophilia, which exhibit protection from the deleterious effects of obesogenic diets. 21 The production and release of eosinophils from bone marrow and their subsequent recruitment into tissues is largely controlled by IL-5, 22 suggesting that IL-5-producing cells might also regulate adipose tissue biology. Interestingly, recent studies have identified ILC2s as the major source of IL-5 and IL-13 in the visceral WAT and that these cells are required for the accumulation of eosinophils and maintenance of M2 macrophages 23 (Figure 1 ; Sidebox 1). Accordingly, mice lacking IL-5 or ILC2s exhibit higher propensity for diet-induced adiposity, insulin resistance, and glucose intolerance. 23 In aggregate, these studies have identified a hematopoietic circuit consisting of ILC2s, eosinophils, and M2 macrophages, which promote healthy WAT function and protect against the deleterious effects of excess nutrient intake.
Inflammatory macrophages
In contrast to the protection conferred by resident M2 macrophages, inflammatory Ly6C hi monocytes recruited into obese visceral WAT contribute to its overall inflammatory timbre and to the development of local and systemic insulin resistance 24, 25 (Figure 1 ; Sidebox 1). In obese visceral WAT, these recruited Ly6C hi monocytes differentiate into macrophages and can be distinguished by their location and cells support activation of alternatively activated (M2) macrophages, which secrete interleukin-10 (IL-10) to promote insulin sensitivity, while regulatory T cells (Treg's) secrete IL-10, which contributes to M2 activation and directly promotes insulin sensitivity. In obese individuals, CD8 1 and CD4 1 -Th1 T cells secrete proinflammatory cytokines that sustain inflammatory macrophage production of TNF-a, IL-1b, and IL-6 to promote insulin resistance. Neutrophils, mast cells, and B cells also infiltrate the obese adipose tissue and contribute to the inflammatory microenvironment. (B) Schematic representation of weight gain-induced changes in the WAT leukocyte population. IFN-g, interferon g; M1, classically activated; Th, T helper. cell surface markers. Unlike resident M2 macrophages, recruited macrophages express CD11c and often circumscribe dying adipocytes to form characteristic "crownlike" structures. 26 Furthermore, CD11c 1 cells express high levels of TNF-a, Nos2, and IL-6 and thus participate in the development of adipose tissue inflammation. 14 In support of this, genetic perturbations that enhance the recruitment of Ccr2 1 Ly6C hi inflammatory monocytes into WAT promote adipose tissue inflammation and insulin resistance, 25 whereas inhibition of Ccr2 1 Ly6C hi inflammatory monocyte trafficking or their inflammatory activation results in the converse. 8, 24 Finally, the antagonism of macrophage inflammatory activation by Gpr120 agonists and parasite-derived products 21, 27 supports macrophage-targeted interventions as a potential therapeutic strategy for obesity-induced inflammation and metabolic disease. 28 In addition to their putative roles in propagating adipose tissue inflammation, CD11c 1 cells in obese adipose tissue have been suggested to function as dendritic cells, the classical antigen-presenting cells. For instance, purified CD11c 1 cells from obese mice express major histocompatibility complex (MHC) class II and costimulatory molecules and are capable of presenting antigens to naïve CD4 1 T cells. 29, 30 Furthermore, Flt3l 2/2 mice, which lack mature dendritic cells, are protected from diet-induced obesity and insulin resistance. 30 These results suggest that the M1/M2 dichotomy might be overly simplistic, and in the future, it will be important to identify better markers to distinguish inflammatory M1 macrophages from the CD11c 1 dendritic cells in obese adipose tissue.
Mast cells
Although infiltration of mast cells into obese visceral WAT was first documented 50 years ago, their functions in metabolic disease remained controversial. A recent report using genetic and pharmacologic approaches implicates these innate cells in the pathogenesis of diet-induced metabolic disease. 31 Mast cell-deficient mice (Kit W-sh/W-sh and Kit Wv/W ) were protected from obesity-induced metabolic syndrome, which was in part mediated by mast cell-derived IL-6 and IFN-g. Congruent with this observation, stabilization of mast cells by disodium cromoglycate or ketotifen decreases weight gain and improves metabolic function in dietary models of obesity. 31 However, these results must be interpreted cautiously because these mice also lack interstitial cells of Cajal in the gut and have bile acid reflux into the stomach, both of which may contribute to lipid malabsorption and intestinal dysbiosis. 32 
Neutrophils
Unlike macrophages, neutrophils are not present in visceral WAT of lean mice; however, increased energy intake and storage results in their rapid recruitment into visceral WAT. 33 Although neutrophils in obese WAT are fewer in number than macrophages, they nonetheless potently augment adipose tissue inflammation and insulin resistance via secretion of elastase. 33 Thus, like mast cells, the functions of neutrophils seem to be primarily restricted to the pathological state of obesity.
Adaptive immune cells T cells
Visceral adipose tissue of lean mice contains a relatively large number of Treg's, whose frequency exceeds that in other lymphoid tissues, such as the spleen or lymph nodes 34 (Figure 1; Sidebox 1) .
Moreover, obesity is accompanied by a precipitous decline in the proportion of Treg's relative to other T cells in WAT, which contributes to the observed increase in WAT inflammation. 34 Congruently, depletion of Treg's worsens insulin resistance in lean animals, whereas their in situ expansion leads to partial protection from the metabolic sequelae of obesity. 34 Interestingly, unlike splenic Treg's, WAT Treg's express the adipogenic transcription factor PPARg, which is required for their anti-inflammatory functions in obese WAT. 35 Accordingly, deletion of PPARg in Treg's decreases their numbers in WAT but not the spleen and exacerbates adipose tissue inflammation and insulin resistance.
In addition to Treg's, diet-induced obesity dynamically alters the landscape of other visceral WAT T-cell subsets as well. For example, visceral WAT of lean animals is populated with Th2 cells and iNKT cells, which actively maintain the tolerogenic immune environment and promote insulin sensitivity. 36 During obesity, however, the recruitment and antigen-specific expansion of Th1 and CD8 1 T cells overwhelms the tolerogenic effect of Th2 and Treg's. 37 Consequently, obese animals develop insulin resistance, which can be rescued by selective restoration of Treg's in visceral WAT either through Treg-specific supplementation or wholesale T-cell depletion, which resets the Treg-Th1/CD8 1 balance. 37
B cells
Lastly, diet-induced obesity results in both the accumulation of B cells within visceral WAT and the appearance of autoreactive IgG antibodies that collect around crownlike structures. 38 Interestingly, salient disease phenotypes including insulin resistance can be recapitulated in lean animals by either the transfer of serum IgG or MHC class II-expressing B cells from obese animals, suggesting that both autoantibody production and T-cell antigen presentation contribute to a low-grade autoimmunity within visceral WAT that potentiates metabolic dysfunction. 38
Conclusion
Although the field of immunometabolism is only a decade old, it has grown at an unprecedented rate and has provided major insights into how the immune system mediates metabolic adaptations to changes in dietary intake. A general theme that has emerged from this collective work is that excess nutrient storage results in metabolic dysfunction in adipocytes, which in turn activates innate and adaptive inflammation in the enlarging WAT. The net effect of this inflammatory response is to promote insulin resistance and limit nutrient storage, presumably in an effort to relieve metabolic stress in the lipid-engorged adipocytes. In this setting, inflammation-induced insulin resistance is thus an adaptation that allows organisms to mitigate the deleterious effects of excess nutrient intake. 5 With chronic imbalance between nutrient intake and expenditure, however, this inflammatory response becomes maladaptive, resulting in a decreased metabolic flexibility and the development of obesity-induced metabolic disease.
Although the majority of these initial studies have focused on the pathological state of obesity, more recent work has begun to uncover important roles for leukocytes in tissue function under conditions of physiological normalcy as well. For example, the contribution of the ILC2-eosinophil-macrophage axis described previously is critical in basal WAT function, whereas a similar M2 macrophage-driven axis has been shown to support brown adipose tissue's thermogenic functionality. 39 Indeed, some experts now believe that such leukocyte-parenchyma collaboration in tissue function may be the rule more than the exception, although the details remain yet undescribed for most tissues.
Despite remarkable progress in explicating immunity's interaction with both metabolic function and dysfunction in the mouse, our understanding of these processes in humans remains incomplete. Nevertheless, animal model-driven research has already opened previously unappreciated therapeutic avenues to combating obesity and its attendant pathology that are currently under aggressive pursuit in human studies, including interventions directed against pathogenic cell populations (eg, CD3-and CD20-targeted antibodies), mediators (eg, canakinumab and infliximab), and signal transduction apparatuses (eg, amlexanox and salsalate). 5 Although yet investigational, these studies clearly demonstrate that immunity is inextricably linked to human metabolism and its related pathology.
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Sidebox 1. Macrophages
Macrophages are innate immune sentinels that participate in various physiological and pathological states by elaborating cytokines, chemokines, growth factors, lipid mediators, and reactive oxygen/nitrogen species. In response to cytokines and pathogens, macrophages can undergo distinct activation programs. For instance, IFN-g and lipopolysaccharide drive activation of M1 macrophages, whereas IL-4 and IL-13 promote the maturation of M2 macrophages. Monocytes There are 2 circulating subsets of monocytes in mice. Ly6C hi monocytes, also known as the inflammatory monocytes, are recruited to sites of infection, inflammation, or damage via the CC chemokine receptor 2, which can bind and be activated by CC chemokine ligand (CCL) 2, CCL5, and CCL8. Upon infiltration into tissues, Ly6C hi monocytes are thought to give rise to M1 macrophages. Ly6C low cells, in contrast, patrol the local vascular environment using the CX3CR1 chemokine receptor and are termed the "patrolling" monocytes. Although Ly6C low monocytes have been suggested to give rise to M2 macrophages, this relationship has not been firmly established. Type 2 innate lymphoid cells ILC2s belong to a group of novel cells termed innate lymphoid cells (ILCs), which have a lymphoid morphology but lack antigenspecific receptors encoded by rearranged genes, such as the T-cell receptors (TCRs). Unlike other lymphoid cells, ILCs form a firstline defense against microbes and are an important source of cytokines that are later elaborated by effector T cells. ILC2s secrete type 2 cytokines IL-5 and IL-13. Regulatory T cells Treg's are a subpopulation of T cells that express the transcription factor FOXP3 and participate in immune homeostasis. Treg's secrete IL-10 to suppress immune activation and play an important role in tolerance to self-antigens and in the abrogation of autoimmunity. Type I natural killer T cells iNKTs are a unique T-cell lineage that shares characteristics with T and NK cells. They are MHC class I and CD1d restricted and have a limited TCR diversity. Importantly, iNKT cells are important producers of both type 1 (eg, IFN-g) and type 2 (eg, IL-4) cytokines. CD8 1 T cells CD8 1 T cells play an important role in killing cancerous, virally infected, or damaged cells in an antigen-specific manner and can participate in otherwise inflammatory responses. CD4 1 T cells CD4 1 T cells are helper T cells that give rise to effector, memory, and regulatory T cells. Upon activation in an antigen-specific manner, Th1 and Th2 effector T cells produce type 1 (eg, IFN-g) and type 2 (eg, IL-4, IL-5, and IL-13) cytokines to orchestrate cellular and humoral immunity, respectively. IL-17-producing Th17 cells and other more recently discovered CD4 1 T-cell lineages are of unclear significance in obesity at this time. Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society For personal use only. on April 2, 2017. by guest www.bloodjournal.org From
